Virus-induced cell fusion has been studied after infection of Vero cells with measles virus. Scanning and transmission electron microscopy were combined with immunoperoxidase labeling of measles antigens to correlate viral production and distribution of virus-induced erythrocyte binding sites with progress of fusion. Release of infectious virus started before syncytia were detected and decreased while the number and size of syncytia were increasing. Most virions were seen budding from mononucleated cells or from the periphery of syncytia where cells were being recruited. Moving inward, the surfaces of syncytia were covered with numerous ridges containing viral antigen, but few viral buds were seen, suggesting that syncytia might be sites of defective viral formation. Hemadsorption occurred predominantly within the confines of syncytia. Erythrocytes were scattered sparsely over immature syncytia but were densely packed in the center of mature syncytia. Active binding sites for erythrocytes were located on cell villi and ridges covered with measles antigens. Hemadsorption was completely inhibited in measles virus-infected cultures pretreated with virus-specific immunoglobulin G for 1 h at 4°C. However, when these cultures were shifted to 37°C, hemadsorbing sites were recovered at the periphery of enlarging syncytia. Virus-induced sites for erythrocyte adsorption were found to move centripetally on syncytium membranes as fusion progressed.
During infection, important changes occur in membranes of cells infected by ortho-and paramyxoviruses. The plasmalemma acquires viral envelope antigens (17, 18) and morphology (3) and the ability to adsorb erythrocytes (RBC) (14, 23) . Hemadsorption (HAD) has been used to study the acquisition of RBC binding sites on membranes of infected cells (23) . This process has been studied extensively by light and transmission electron microscopy (TEM) in cells infected with influenza virus, Newcastle disease virus, pneumonia virus of mice, and mumps and measles viruses (2, 5, 10, 11, (14) (15) (16) . Hemadsorbing sites on mumps virus-infected cells also have been studied by scanning electron microscopy (SEM) (15) . Hemadsorbing sites were found on microvilli, on long processes extending from the cell surface, or directly on large areas of infected cell membranes before detection of virus-induced morphological changes. The location, distribution, and structure of hemadsorbing sites on syncytia induced by paramyxovirus infection have not been studied in detail.
Measles virus-infected cells are covered with numerous viral buds and ridges formed by viral surface projections overlying nucleocapsids (9) . In the present study, we combined immunolabeling of viral antigens with SEM and TEM to study syncytia induced by measles virus infection. The progression of syncytial development from inception through maturation and lysis has been correlated with the distribution of sites of infectious virus production and HAD.
(This study was presented in part at the 17th Annual Meeting of the American Society for Cell Biology, San Diego, Calif., 15-18 November 1977 [20] .) MATERIALS AND METHODS Cells and virus. Vero cells, a continuous line of African monkey kidney cells, were grown on 13-mm glass or plastic cover slips in 24-well plates (Cluster 24; Costar, Cambridge, Mass.) as previously described (9) . Measles virus, Edmonston B strain, was (Fig. 2) .
Infectious virus released from cultures was titrated, and titers were related to the progress of cell fusion. At 24 h p.i., infectious virus was already detected, but syncytia were not seen by light microscopy. Infectivity titers of released virus increased and reached a peak at 5 days p.i. Titers decreased thereafter while the culture area occupied by giant cells continued to increase. Titers of infectious virus from cultures in which the medium was changed daily (see above) were much higher than those from cultures not refed during the experiment. This difference increased progressively each day on the ascending part of the curve (Fig. 2) .
At a high magnification with a scanning electron microscope, surface details were revealed on giant cells. The central area of giant cells was covered with twisted strands or ridges (Fig. 3) . Their number increased with the size of syncytia. These strands became wider, more twisted, and tightly packed with time, especially in the center of giant cells (Fig. 4) . Strands were virtually absent on the central ridges, few viral buds were detected (Fig. 4 ). Buds were recognized by their size (approximately 400 nm) and by coiled strands on the membrane protruding from the cell (Fig. 3) . After immunoperoxidase labeling for measles antigen, the reaction product of peroxidase was visualized in a scanning electron microscope as granular material. The size of these granules depended on the reaction time. With a reaction time of 10 min, the size of these granules was approximately 20 to 30 nm. A longer incubation yielded larger granules. Some scattered label was seen on flat membrane areas of giant cells, whereas granules were densely packed on ridges (Fig. 5 ) and viral buds (Fig. 6) .
In contrast to giant cells, mononucleated cells surrounding syncytia were covered with numerous viral buds (Fig. 7) . Viral buds were recognized by their size, pleomorphic shape, and absence on uninfected cells. Viral buds were also abundant in a narrow band approximately 30,m wide at the periphery of giant cells (Fig. 8) .
HAD. RBC adhering to the monolayer were restricted almost exclusively to giant cells. Mononucleated cells adsorbed few RBC (Fig. 9) .
After mild treatment of infected cells with chymotrypsin, mononucleated cells had rounded or detached from the culture surface, while syncytia remained unaltered (a longer treatment was required to detach the giant cells). After chymotrypsin treatment, HAD still occurred on syncytia, suggesting that RBC binding sites were not altered by this treatment (Fig. 10) . Treatment with trypsin, bromelain, or Pronase yielded similar results.
The location of hemadsorbing sites on syncytia was correlated with syncytial size. Hemadsorbing sites were scattered over the entire surface of small syncytia (Fig. 9) . In large syncytia, hemadsorbing sites were clustered in the center. Their outer border was relatively free of hemadsorbing sites ( Fig. 9 and 10 ). Mature giant cells had a central area with few hemadsorbing sites, but ridges and villi were surrounded by a ring of closely apposed RBC binding sites ( Fig. 11 and  12 ). On degenerating syncytia, the central area was larger and free of hemadsorbing sites, and lysis appeared to begin in this area (Fig. 13) .
Structures bearing the hemadsorbing sites were examined by high-resolution SEM and by TEM. As seen in thin sections (Fig. 14) and by SEM (Fig. 15 ), RBC were found in close contact with membrane areas covered with ridges and viral antigen. At a high magnification, viral capsids were detected inside these ridges (inset, Fig.  14) . SEM also showed attachment of RBC to cell villi (Fig. 16 ). With TEM, ends of cell villi in contact with RBC were covered with viral antigen (Fig. 14 
DISCUSSION
We have examined the surface of giant cells formed as a result of measles virus infection by low-and high-magnification SEM and by TEM. Morphological events occurring in fusion "from within" (4) have been correlated with the location, density, and mobility of receptors for RBC on syncytia.
Measles virus-induced giant cells were found to progress by fusion with cells already infected and to produce few complete virions themselves. In simian virus 5-infected cells, an inverse relationship between the degree of cell fusion and the yield of infectious virus has been found (13) . Our observations with measles virus-infected cells provide morphological evidence supporting this observation. Viral buds were present in large numbers on mononucleated cells surrounding syncytia, but were rare on syncytia themselves. Also, the rate of production of infectious virus decreased while the number and surface areas occupied by giant cells were still increasing. The narrow bud-bearing zone at the periphery of giant cells probably contained the plasma membranes of newly incorporated mononuclear cells. Release of buds formed before fusion probably occurred, but new budding sites were not synthesized on the preexisting membrane of giant cells. Membranes of syncytia contained a large number of ridges, consisting of strands of viral surface projections covering nucleocapsids (9) . These ridges seemed to accumulate and were rarely incorporated into viral buds, suggesting that a block before budding was present in these areas. Giant cells, therefore, could be considered as sites of defective virus formation during acute productive infection in vitro. A possible analogy is latent infection with subacute sclerosing panencephalitis virus, in which a complete dissociation between viral production and cell fusion has been observed (7).
HAD was found to be an excellent tool for studying measles virus-induced cell fusion. Receptors for HAD appeared to move centripetally while fusion was progressing. Indeed, hemadsorbing sites were evenly distributed on the surface of small syncytia, but became clustered in the center of enlarging syncytia. This is in contrast to the peripheral distribution of hemadsorbing sites observed in Newcastle disease virus-infected HeLa cells fused by X-irradiation before infection (16) . The pattern of HAD recovery after antibody treatment also supports centripetal movement of RBC receptors on measles virus-induced giant cells. Hemadsorbing sites reappeared at the periphery of enlarging syncytia. The recovery of HAD sites after antibody treatment occurred as rapidly in our sys- Fig. 3 , the surface contains numerous thin ridges which are virus-induced structures overlying nucleocapsids. Ridges are aligned and coiled on one viral bud (b). v, Villi; r, ruffles. In Fig. 4 , the center of a giant cell is covered with wide twisted ridges. Small granules (approximately 15 nm large) arepresent between ridges (arrowheads) and are also seen on the surface of uninfected cells. The two round bodies on the left are probably mature virions. In Fig. 5 and 6, after immunoperoxidase labeling of measles antigens, granules of specific label are scattered on the giant cell surface (short arrows) and can be distinguished from the background granules (arrowheads) which are smaller (Fig. 4) . Numerous granules of label are clustered on a twisted ridge in Fig. 5 and on four viral buds in Fig. 6 (long arrows). To show an individual ridge (Fig. 5) , the picture was taken in an area where ridges are less densely packed. Figure  14 shows a thin section through a giant cell first incubated with RBC and then immunolabeled for measles antigens. Patches of black label, found occasionally on ridges, are scattered on the membrane and at the ends of microvilli (v) (no counterstain with heavy salts). Bar = 0.1 pm. The inset shows a close contact between an RBC and two characteristic ridges (arrows) which are transversally sectioned and contain a nucleocapsid under spikes (no labeling in this preparation). Bar = 0.1 pm. In Fig. 15 , numerous ridges (arrows) were detected by SEM on the membrane adjacent to an adherent RBC. Bar = 1 pm. In Fig. 16 Virus-induced ridges and villi were the main structures seen in hemadsorbing sites. Indeed, TEM and SEM clearly showed that the attachment sites for RBC on membranes of measles virus-infected cells correspond to strands covering nucleocapsids as in mumps virus-infected chicken embryo cells (10) . In addition, hemadsorbing sites and measles antigens were found on morphologically identical structures located on membranes. These structures were ridges and microvilli which adhered firmly to RBC. In our studies, no long cellular protrusions (15) or viral buds (14) were detected at the sites of HAD. RBC were always attached directly to the membrane of an infected cell, in agreement with observations in cells infected by other ortho-or paramyxoviruses (5, 10, 14, 15) . In all experiments, RBC were almost spherical with SEM, but had a distorted shape with TEM. Thus, morphological changes in RBC thought to result from adsorption onto virus-infected cells (2) were probably an artifact of preparation for TEM.
The formation of a ring of clustered RBC around the center of all mature giant cells appeared to be caused by cell death. Inside the ring, the plasma membrane was flat and devoid of microvilli or ruffles. One interpretation would be that the center of the giant cell had lost its membrane fluidity so that RBC binding sites moving centripetally would accumulate around this central area. A similar ring has been observed after immunolabeling when antibodies were used to induce antigen redistribution on the surface of syncytia during measles virus in-fection (Hooghe-Peters, Rentier, and DuboisDalcq, submitted for publication).
It remains unclear why RBC rarely adsorbed to mononucleated cells covered with viral buds. Ridges which accumulated in the center of giant cells contained a high density of RBC receptors. These receptors clustered on flat surfaces might be more readily accessible for RBC interaction than receptors located on ridges scattered on other areas of syncytia and on virions budding from mononucleated cells. The HAD pattern, therefore, could reflect the structure, number, and accessibility of receptor sites, rather than their simple presence. The cause of the centripetal movement of receptors is unexplained. It could be triggered by the attachment of RBC to the cell membrane since sheep RBC can induce capping of their binding sites on lymphocytes (1) . However, accumulation of ridges in the center of mature giant cells occurs in the absence of RBC.
In conclusion, field emission SEM has permitted the study of the interaction of RBC with large areas of measles virus-infected cell cultures and identified fine structural changes and labeled viral antigens on their surface. This study has shown that (i) viral maturation sites are numerous on mononucleated cells, but rare on giant cells which contain viral antigens and receptors for RBC, and (ii) HAD sites are located on giant cells and appear to move toward the center of giant cells while fusion is progressing. This suggests that free diffusion of the binding sites occurs within the plane of the giant cell membrane.
